Xl CONGRESSO oe
CONSTRUCAO METALICA e MISTA

TEMA ESPECIAL

A NOVA GERACAO DE EUROCODIGOS

Editores

Luis Simdes da Silva
Paulo Vila Real
Paulo Piloto

Joao Pedro Martins




X1 Congresso de Construcio Metalica e Mista

Copyright © 2017

por Luis Simdes da Silva, Paulo Vila Real, Paulo Piloto, Jodo Pedro Martins

Editora:

emm — Associacio Portuguesa de Construgdo Metalica e Mista

Business Center Leonardo da Vinci

Coimbra iParque Lote 3

3040-540 Coimbra, Portugal

Tel.: +351 239 098 422; Tlm.: +351 965 061 249; Fax: +351 239 091 216
Email: cmm@cmm.pt

Url: www.cmm.pt

12 Edigdo: Novembro 2017

Tiragem: 300 exemplares

Nio & permitida a reprodugdo total ou parcial deste livro, o registo em suporte informatico, ou
a transmissdo através de qualquer processo electrénico ou mecanico, sem a prévia autorizagio
por escrito dos titulares dos direitos da edigdo.

Depdsito legal: 434088/17
ISBN: 978-989-99226-6-2

Coordenagio editorial: Luis Figueiredo Silva

Concepgao grafica da capa: 3LM

Formatagéo de contetidos e paginagdo: Joana Filipe Albuquerque
Impressdo: Sersilito, Empresa Grafica Lda, Maia, Portugal

Nota da editora

Este texto foi elaborado a partir da reprodugdo dos originais preparados pelos autores. Por
conseguinte, a editora nfio pode aceitar qualquer responsabilidade pelo contetido, nem por
possiveis erros no texto.



Prefacio

O XI Congresso de Construgdo Metalica e Mista realiza-se num periodo em que o sector da
Construgdo Metalica portuguesa se continua a afirmar como um motor de inovacgdo ¢ de
internacionalizagdo da industria. Com um volume de negodcios de cerca de 3.500 milhdes de
euros (2015) e um volume de exportagdes de cerca de 2,2% das exportagdes do pais, podemos
assegurar que presentemente este sector possui uma grande vitalidade, ¢ tecnologicamente
avangado e é detentor de uma forte capacidade competitiva internacional.

A CMM mantém, assim, a sua aposta na inovagfo tecnoldgica e a competitividade do sector,
pretendendo potenciar uma plataforma de conciliagdo entre todos os atores do sector, em
torno de uma estratégia ¢ programa de a¢fo definido para a consolidagio do sector, com o
foco no mercado global e potenciando o reconhecimento de exceléncia que detém,
contribuindo de forma decisiva para a afirmagdo da Construgdo Metalica Portuguesa a nivel
mundial como uma solucéo construtiva sustentavel de alta qualidade e inovadora.

O XI Congresso de Construgdo Metélica e Mista ¢ a maior ¢ mais relevante conferéncia
nacional de construgdo metalica e mista, com realizagdo bienal e promovido pela CMM, ¢
reline projetistas, empresas do sector e investigadores, contando com a participagio de
conferencistas nacionais e internacionais de renome. No seguimento das edigdes anteriores o
XI Congresso de Construgdio Metalica ¢ Mista volta a apostar na promogdo do uso de
materiais de matriz metalica e mista na construgio e assumir uma posi¢io ativa da promogao
da inovag@o no sector da constru¢do metalica a nivel nacional e internacional, bem como,
difundir as mais recentes inova¢Ges no dmbito deste tipo de construcdo e dar a conhecer as
linhas de orientagdo da investigac@o neste campo, fomentando o intercdmbio de experi€ncias.

A semelhanga das dez edi¢des anteriores, o XI Congresso de Construgio Metélica e Mista
sera composto por Sessdo de Palestras e Sessdes Cientificas e Técnicas, por Seminarios,
Workshops e apresentagdes técnico-comerciais das empresas presentes, bem como uma
Exposi¢do Técnica, que conta com varias empresas e entidades relevantes do sector, sendo
este um espaco privilegiado para a troca de experiéncias entre as empresas € os técnicos do
sector.

A décima primeira edigio do Congresso de Construgdo Metélica e Mista, ¢ dedicada ao tema
A Nova Geracio de Eurocddigos, sensibilizando os técnicos da fileira da construgiio metalica
para a importincia da normalizagio, evidenciando os recentes desenvolvimentos das novas
versdes dos Eurocodigos. Nesta edicio do congresso dar-se-a destaque também a dois temas
de extrema importincia para a constru¢io metalica, através da realizacio de duas sessdes
tematicas, nomeadamente sobre arquitctura, onde serfo apresentados alguns projetos
premiados com utilizagdo de estrutura metalica e sobre a economia do mar, salientando a
importdncia que esta tem atualmente na construgdo metalica e apresentando as
potencialidades de crescimento que a economia do mar podera oferecer ao sector da
construgdo metalica.

Luis Simdes da Silva
Presidente da CMM e da Comissio Organizadora do
XI Congresso de Constru¢do Metalica ¢ Mista
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Abstract. The fire resistance of partially encased columns depends on the temperature
evolution during fire exposure. This work aims to evaluate the effect of the balanced summation
model on the design of the buckling load of Partially Encased Columns under fire situation.
New improvements will be presented to assess fire resistance, suggesting some modification in
the Annex G of Eurocode EN 1994-1-2.

The advanced calculation method is based on the 3D modelling of the Partially Encased
Column, using steel profiles ranging from IPE200 to IPE500 and HEB160 to HEB500, and
using different buckling lengths. An incremental and interactive procedure is used to solve the
geometric and material non-linear behavior. The temperature effect is taken into account, using
the uncouple thermal-structural analysis.

The results obtained by the numerical simulations are in good agreement with the new simple
calculation method and are also useful to prescribe the buckling curve that best fits the 3D
simulation results.

1. Introduction

The economic and social development in the world today is so big that it would be impossible
to imagine everyday life without the use of steel and concrete. Every day, new infrastructures
such as ports, airports, highways, railways, buildings, among others, show the evolution that
society is going through. The characteristics of steel and concrete made possible the advances
in the process of systematization of construction methods. The use of these materials
transformed the construction industry into a gigantic market, placing technological
development and scientific research on these materials on another level.

Partially encased columns (PEC) are normally made of hot rolled steel profiles, reinforced
with concrete between the flanges. The composite section is responsible to increase the torsional
and bending stiffness without increasing the section dimension, when compared to the same
section of steel profile, being the concrete portion very significant to increase the fire resistance.
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Since the thermal conductivity of concrete is relatively small, the temperature field in the
composite cross section is highly non-uniform. There is no simplified method available to the
heat transfer analysis, therefor the numerical simulation is required to analyse the fire effect.

The fire resistance of PEC depends on the evolution of temperature during exposure to fire.
This work aims to evaluate the effect of the balanced summation model on the design of the
buckling load of partially encased columns under fire situation, in accordance with European
standards. New formulations will be presented to assess fire resistance [1], suggesting changes
in some aspects prescribed in Annex G of Eurocode EN 1994-1-2 [2].

The simplified method is based on new formulations for specific rating times of resistance to
fire: R30, R60, R90 and R120 minutes under the standard fire curve determined by ISO834 [3].
The new formulations are proposed to determine the buckling load and to evaluate with more
accuracy the temperature, used to determine the average flange temperature, the residual height and
temperature of the web based on 400°C isotherm, the residual cross section and temperature of
concrete based on 500°C isotherm, and finally the reduced stiffness and strength of reinforcement.

The advanced calculation method (ANSYS), is based on the 3D modelling of the PEC, using
two types of structural profiles: IPE200 to IPE500 and HEB160 to HEB500.

The buckling resistance, the critical load and the axial plastic resistance are calculate for
columns with heights of 3m and 5m, with three different boundary conditions, pinned end at
extremities, fixed ends at extremities and mixed at extremities. The effective length of the
column Lo for the ultimate limit state may be different from that considered at room
temperature. Eurocode takes into consideration the fact that the surrounding cold part of the
structure can provide unchanged rotation stiffness, leading to effective buckling lengths of 0.5L,
fixed ends and 0.7L, with mixed ends. Nevertheless, authors decided to evaluate the effective
buckling length of 1.0L, using pinned extremities as well.

The materials used for the calculations were selected according to the most commonly used
in practice, being the steel grade S275 for the cross section of the profile, steel grade S500 for
reinforcement and concrete grade C20/25 for the encasement. The cross sections were define
according to the tabulated data to design partially encased columns under fire conditions.

The Finite Element Method provides the numerical results of the modelling by incremental
and interactive process. In this numerical simulation, the thermal and structural models are
uncoupled. The results obtained by the elastic buckling analysis were compare with the results
from the balanced summation method.

2. Balanced summation method

The EN 1994-1-2 prescribe, for the calculation of the design value, the plastic resistance to
axial compression and of the effective flexural stiffness in the fire situation. The simplified
calculation method, originally developed by Jungbluth [4], is used to calculate the fire
resistance of the PEC, dividing the cross section in four components: flanges, web,
reinforcement and concrete, according figure 1.

‘ l:?Z:l
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P Q| 0O O
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Fig. 1: Partially encased columns and the balanced summation model under fire
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Table 1 presents the main dimensions of the cross sections, the number of rebars used and
their respective diameters and the concrete cover dimensions in both principal directions.

Table 1: Characteristics of the sections under study

Bars 0] A A, ug uy u AV

Pofile o) M m) om) ) (mm) mm) mmy ASATA W)

HEB160 4 134.0 12 452 19916 40 40 40 2.22 0.62 25.00
HEB180 4 152.0 12 452 25616 40 40 40 1.74 0.61 22.22
HEB200 4 170.0 20 1257 31213 50 50 50 3.87 0.60 20.00
HEB220 4 188.0 25 1963 37611 50 50 50 4.96 0.59 18.18
HEB240 4 206.0 25 1963 45417 50 50 50 4.14 0.59 16.67
HEB260 4 225.0 32 3217 53033 50 50 50 5.72 0.57 15.38
HEB280 4 244.0 32 3217 62541 50 50 50 4.89 0.58 14.29
HEB300 4 262.0 32 3217 72501 50 50 50 4.25 0.58 13.33
HEB320 4 279.0 32 3217 77275 50 50 50 4.00 0.56 12.92
HEB340 4 297.0 40 5027 80509 50 50 50 5.88 0.56 12.55
HEB360 4 315.0 40 5027 85536 50 50 50 5.55 0.56 12.22
HEB400 4 352.0 40 5027 95821 70 50 55 4.98 0.56 11.67
HEB450 4 398.0 40 5027 108801 70 50 55 4.42 0.54 11.11
HEBS500 4 444.0 40 5027 121735 70 50 55 3.97 0.52 10.67
IPE200 4 183.0 12 452 16823 50 40 45 2.62 0.66 30.00

IPE220 4 201.6 20 1257 19730 50 40 45 5.99 0.64 27.27

IPE240 4 220.4 20 1257 23825 50 40 45 5.01 0.63 25.00

IPE270 4 249.6 25 1963 30085 50 40 45 6.13 0.65 22.22
IPE300 4 278.6 25 1963 37848 50 40 45 4.93 0.66 20.00
IPE330 4 307.0 25 1963 44854 50 40 45 4.19 0.65 18.56
IPE360 4 334.6 32 3217 50988 50 40 45 5.93 0.63 17.32

IPE400 4 373.0 32 3217 60715 70 40 45 5.03 0.64 16.11

IPE450 4 420.8 32 3217 72779 70 40 45 4.23 0.64 14.97

IPE500 4 468.0 40 5027 83800 70 50 55 5.66 0.64 14.00

The current perspective of this method defined by EN1994-1-2 is based on simple formulas
and empirical coefficients that seem to be unsafe. Each component should be evaluate based on
the evolution of the temperature of the component and the effect that it produces on the
reduction of the material properties and geometry, such as the reduction of the elastic modulus
and the effective section. The design value of the plastic resistance to axial compression and
the effective flexural stiffness of the cross section is obtained by the balanced summation of the
corresponding values of the four components. Strength and deformation properties of steel and
concrete at elevated temperatures complies with the corresponding principles and rules of EN
1993-1-2 [5] and EN 1992-1-2 [6].

The stability of PEC requires the procedure identified by the Eq. (1) to (5). This procedure
requires the calculation of the critical load Ny ., ,, taking into consideration the effective flexural
stiffness (EI) i off.z and the plastic load Ny ;| rq. Both quantities may be determined by the balanced

summation method of the four components, being the effective flexural stiffness affected by the
reduction coefficients given in accordance to EN1994-1-2 Annex G. The design for the axial
buckling load of PEC under fire conditions depends on the reduction coefficient x, and on the

non-dimensional slenderness ratio Aq ,when using the curve “c” of EN 1993-1-1 [7].

N sirdz = %,NfipLrd 1)

Niiptrd = Nipiras T Neipirdw T Neiplrde T Neipiras 2
2

Nfi,cr,z =12 (El)fi,eff,z/]-‘e (3)
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XG = vV Nﬁ,pl,Rd/ Nﬁ,cr,z (4)

(El)ﬁ,eff,z = (pf,e (EI)ﬁ,f,z+ (Pw’e (EI)ﬁ,w,z+ (pc,e (EI) ﬁ,c,z+ (Ps’e (El)ﬁ,s,z (5)
2.1 New proposal

After a previous analytical study, the simplified calculation method, Annex G, used for the
design of PEC under fire was found to be sometimes unsafe or uneconomical. In order to
improve the simple calculation method, a new proposal was made, providing new formulations,
coefficients, tables and applications limits so that the calculation process of these elements is
as close as possible to their real behaviour.

The improved method for the new proposal will be presented further on, regarding to
evaluate and validate this model, using numerical simulations.

2.1.1 Flange

The new proposal used for the calculation of the average flange temperature 8, is based on a
bilinear approximation, as Eq. (6). There is a new proposal for the empirical coefficients k, and
new reference values 6, , as presented in Table 2. This new proposal also differentiates the type
of profile, HEB or IPE.

0 =00,k (An/V) (6)

Table 2: Parameters for average flange temperature
HEB IPE

Stﬁ:gzigniiere 10 < Ap/V < 14 14 <= An/V <25 10<A/V <19 19 <= Ay/V <30
00 [°C] K [m°C] 00 [°C] K[m°C] 60,[°C] K[m°C] 60,[°C] K,[m°C]

R30 387 19.55 588 4.69 582 6.45 656 2.45

R60 665 14.93 819 3.54 824 3.75 862 172

R90 887 5.67 936 2.04 935 22 956 1.09

R120 961 4.9 998 1.62 997 1.68 1010 0.96

The average temperature allows the use of the same procedure to calculate the effective
flexural stiffness and the plastic resistance to axial compression. Temperature is affecting the
mechanical properties of the material without reduction of the second order moment of area and
area of the flange.

2.1.2 Web

The fire effect on the web profile is defined by the 400°C isothermal criterion [8]. This criterion
defines the web part that can be neglected, h,, ;, with respect to the calculation of the resistance
of this element. The new formulae includes the effect of the section factor, unlike the current
version of EN1994-1-2. As an alternative to the current version, the new proposal presents a
parametric expression, which depends on the section factor and fire rating, see Eq. (7) and
Eq.(8). The application limits of these equations are defined by Table 3, and are differentiated
for HEB and IPE profiles, respectively.

2h,, /h;x100= 0.0035t2(A,,,/V)-0.03t>2+ (A, /V) /2 — (HEB) @)

2h,, /hx100= 0.002t2(A,,/V)-0.03t!°3+(A,,/V) —(IPE) (8)

Where h; represents the distance between the inner edges of the flange [mm] and t represents
the fire rating [min].
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Table 3: Limits for web height reduction

Standard Fire Resistance Section ;:/i;oi (HEB) Sectlor;i%t(;r (IPE)
R30 22.22 30.00
R60 15.38 18.56
RS0 12.22 14.97
R120 11.11 -

Temperature is affecting the second order moment of area and area of the web, without
considering any reduction of the mechanical properties.

2.1.3 Concrete

The fire effect on the concrete is determined by the 500°C isothermal criterion. In this new
proposal, the external concrete layer to be neglected makes distinction between both principal
direction b, g , and b, 5, and is also affected by the section factor, Eq. (9). The coefficients are

defined by Table 4 and Table 5, with their limits presented in Table 6.

b =a(An/V)*H+b(An/V)+e ®
Table 4: Coefficients for concrete thickness reduction for HEB sections
Standard Fire bein [mm] be,sy [mm]
Resistance 2 2 b ¢ 2 a b ¢
{m”.mm] [m.mm] [mm] [m“.mm] [m.mm] [mm]
R30 0 0.0809 13.5 0 0.372 3.5
R60 0.1825 -4.2903 50 0.1624 -3.2923 41
R90 1.0052 -22.575 163.5 1.8649 -43.287 298
R120 0 7.5529 -35.5 0 6.0049 9
Table 5: Coefficients for concrete thickness reduction for IPE sections
Standard Fire besip [mm] be iy [mm]
Resistance 2 a b ¢ 2 3 b ¢
[m".mm] [m.mm] [mm] {m".mm] [m.mm] [mm]
R30 0 0.2206 10.5 0 0.9383 -3
R60 0.2984 -8.8924 93 0.5888 -15.116 135
R90 1.3897 -38.972 313 2.0403 -50.693 393
R120 0 18.283 -199 0 48.59 -537
Table 6: Applications limits for average concrete temperature and thickness reduction
Standard Fire Section Factor
Resistance HEB IPE
R30 A/V <25 An/V <30
R60 ALV <20 AL/V<23
R90 AV <17 An/V <18
R120 An/V <14 An/V <15

Where a, b and ¢ are empirical coefficients. The new proposal allows the calculation of the
average temperature of the residual concrete, 6., according to equations (10) and (11). This
procedure is based on the section factor as well as the fire rating [min], and the application
limits are also defined by Table 6.

8., = 3.1°5(A,,/V)+0.003t'%5 —(HEB) (10)
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0. =2.67t"3(A,/V)+3.4t%1 —(IPE) (1

Temperature is affecting the second order moment of area and area of the concrete and also
the mechanical properties of the concrete. This procedure allows the calculation of the reduction
factor for the compressive strength of concrete k. and the secant modulus E; gec0, both
affecting the effective flexural stiffness and plastic resistance to axial compression.

2.1.4 Reinforcement

The fire effect on the reinforcing steel bars depends of the calculation of the average temperature. A
new parametric formula is presented to determine this effect, according to Eq. (12) and Eq. (13). This
new formula takes into consideration the fire rating, the section factor as well as the geometrical
average of axial distances u, being the u parameter determined according to EN1994-1-2.

05, = 0.1t"1 (A, /V)+7.5t-0.1t17%6_8u+390 — (HEB) (12)
05, = 14(A,/V)+11t-0.1t"7%-8u+115 —(IPE) (13)

The temperature is affecting only the mechanical properties, allowing the calculation of the
reduction factors, influencing both the effective flexural stiffness and the plastic resistance to
axial compression.

3. Advanced calculation method

The calculation of the temperature field of PEC was done by the finite element method, using
ANSYS [9] software based on the 3D modelling of the column with structural profiles. The
finite element method requires the solution of Eq. (14) in the domain of the cross section, ()
and Eq. (15) in the boundary (80), when exposed to fire.

V() VT)=p 1 CPry- OT/0t Q) (14)
Mry VT, B =0, (T,-T)+®., . po(To-Th  (8Q) (15)

In these equations T represents the temperature of each material; Per defines the specific
mass; Cp(T) defines the specific heat; Ay defines the thermal conductivity; o, specifies the

convection coefficient; T, represents the gas temperature of the fire compartment, using
standard fire [SO 834 around the cross section with 4 exposed sides; @ specifies the view factor;
€n Trepresents the emissivity of each material; & specifies the emissivity of the fire; o
represents the Stefan-Boltzmann constant.

To perform a transient nonlinear thermal analysis, the tree-dimensional Solid 70 was used,
which has a 3D thermal conduction capability. The element has 8 nodes with a single degree of
freedom, temperature, at each node.

The calculation of the displacement field uses element SOLID 185 to model the hot rolled
steel and reinforcing bars. The SOLID 65 is used to model concrete. The SOLID 185 has eight
nodes with three degrees of freedom at each node (displacements) and uses linear interpolating
functions. The reduced integration method (Gauss point) was applied, taking into consideration
the comparison of the critical load with the analytical method. The SOLID65 was elected to
model concrete, presents eight nodes with three degrees of freedom at each node
(displacements) and uses linear interpolating functions with full integration scheme (2x2x2
Gauss point). This element is going to be use to model the concrete part of the PEC.

The boundary conditions were imposed according to EN1991-1-2 on the external surface of
the cross section and the initial condition of 20°C were defined to all nodes. The thermal
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properties of the materials have been defined according to their own standards. For the concrete,
a moister contents of 3% and a thermal conductivity corresponding to its upper limit is
recommended, according EN 1994-1-2. For steel, all thermal properties were assumed
temperature dependent and in accordance to EN1993-1-2.

A convergence test was also made to determine the best mesh taking into account the time
of each simulation and the computer capacity.

3.1 Nonlinear transient thermal analysis

The nonlinear transient thermal analysis was defined with an integration time step of 60s, which
can decrease to 1s and increase up to 120s. The criterion for convergence uses a tolerance value
of the heat flow, smaller than 0.1% with a minimum reference value of 1x10°.

The temperature field was determined for the total time of 7200s (R120), see examples for
the simulation of PEC with HEB400. The Fig. 2 presents the 3D thermal results for columns
exposed to ISO834 fire, after 30, 60, 90 and 120 minutes. The temperature field was recorded
for the corresponding fire rating and applied as body load to the mechanical model. The mesh
was defined after a solution convergence test.

.. M "

a) Time=30 min. a) Time=60 min. a) Time=90 min. a) Time=120 min.

Fig. 2: Numerical thermal 3D results for column HEB 400
3.2 Static and Eigen Buckling analysis

The numerical solution of a linear elastic buckling analysis was developed for each cross
section, for each fire rating, for each buckling length and for PEC of two lengths. The total
number of simulations was 576. In this simulations, everything was considered perfect (material
and geometry). Critical load and buckling mode were determined. The critical load decreases
with the non-dimensional slenderness.

3.3 Nonlinear buckling analysis

The buckling resistance of each PEC was calculated by the incremental displacement and
iterative solution model using (Newton Raphson) method. The imperfection of the geometry
was based on the elastic buckling mod shape with updating of the nodal coordinates. This
update was based on the mode shape and based on the maximum imperfection expected on the
mid high of the column, corresponding to L/150. Typical incremental displacement of 0.2 mm
was applied, with minimum possible incremental displacement of 0.1 mm and maximum
possible incremental displacement of 1 mm.

The criterion for convergence is based on displacement with tolerance value of 5%. The
nonlinear buckling analysis is a static analysis with large deflection (equilibrium in deformed
configuration), extended to a point where the structure reaches its ultimate limit state (plasticity,
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modification into a mechanism). The buckling load bearing is the maximum load determined
from the reaction on the bottom of the PEC.

A total of 96 simulations were performed, using twenty four different cross sections with, one
column length 3m, using fixed end supports (buckling length equal to 0.5L) and for four fire
resistance classes 30, 60, 90 and 120 minutes. According to the results, the buckling resistance
decreases with the fire rating. The post buckling is affected by the increase of the time of the fire.

4. Comparison of results

The ratio between the critical load and the axial plastic resistance depends on the non-
dimensional slenderness ratio and fits well with the new proposal used for the balanced
summation model.

Fig. 3 presents the comparison between the critical load coming from analytical solutions
and the results coming from the numerical solutions, for all the cross sections, for three
boundary conditions and for four rating times, with PEC of 3m and 5m of length.
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Figure 3: Critical load (comparison between ANSYS and new proposal)
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The numerical solution method is based on the elastic buckling analysis considering the full
resistance of the four components, taking into account the update of the material properties and
the full geometry of column. This fact justifies that the numerical results coming from ANSYS
are always higher than the results coming from the New Proposal. The worst results were
obtained for the PEC with 3m length, probably due to the effect of the boundary conditions,
being this more obvious for the smallest buckling length.

Conclusions

This study was developed to evaluate the performance of the simple calculation method, used
for the calculation of the buckling resistance of PEC. The simplified method proposed in Annex
G EN1994-1-2 is unsafe when compared to the numerical results.

The results of new proposal are based on the same method using safer formulas, however,
some improvements can be made for the flange, web and concrete components. The New
Proposal is based on the balanced summation method, for this reason, only some part of this
resistance is taking into consideration comparing with the numerical method witch all the
materials contribute for the global resistance of the column.

As expected, PEC based on HEB profile present higher critical load when compared with
IPE profile. The critical load decreases with the non-dimensional slenderness in fire conditions.

The Eigen buckling results are in good agreement with the values defined by the new
proposal.

The preliminary results of the buckling resistance analysis have revealed that a new buckling
curve should be propose to define the reduction coefficient.
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